Tissue engineering has emerged as a viable approach to treat disease or repair damage in tissues and organs. One of the key elements for the success of tissue engineering is the use of a scaffold serving as artificial extracellular matrix (ECM). The ECM hosts the cells and improves their survival, proliferation, and differentiation, enabling the formation of new tissue. Here, we propose the development of a class of protein/polysaccharide-based porous scaffolds for use as ECM substitutes in cardiac tissue engineering. Scaffolds based on blends of a protein component, collagen or gelatin, with a polysaccharide component, alginate, were produced by freeze-drying and subsequent ionic and chemical crosslinking. Their morphological, physicochemical, and mechanical properties were determined and compared with those of natural porcine myocardium. We demonstrated that our scaffolds possess highly porous and interconnected structures, and the chemical homogeneity of the natural ECM was well reproduced in both types of scaffolds.
Introduction
In recent years, tissue engineering has emerged as a new approach to treat disease or damage in tissues and organs. Tissue engineering strategies combine cells with biomaterial scaffolds in such a way that, under appropriate conditions, the growth of new healthy tissues can be supported and promoted. The therapeutic potential of engineered tissues is particularly significant for those tissues that cannot regenerate spontaneously or be replaced by synthetic prostheses, such as the ischemic myocardium.
1,2 One of the key elements for the success of tissue engineering is the use of a scaffold, that hosts the cells and improves their survival, proliferation, and differentiation, thus functioning as an artificial extracellular matrix (ECM) until new tissue is formed by the residing cells.
In healthy human tissues, the ECM is a complex meshwork in which most of normal anchoragedependent cells reside. This matrix provides structural support for the cells to attach, grow, migrate, and respond to signals, and may act as a reservoir to provide bioactive cues for regulation of cellular activities. 3, 4 For example, in the case of cardiac tissue, ECM serves as an anisotropic structural scaffold to guide aligned cellular distribution and organization. It accommodates contraction and relaxation of cardiomyocytes and facilitates force transduction, electrical conductance, intracellular communication, and metabolic exchange within the myocardial environment.
In this sense, it would be desirable that the three-dimensional (3D) scaffolds used to repair the target tissues act as artificial ECMs mimicking the composition and functions of their native counterparts. In general, ECMs are mainly composed of proteoglycans, which are long-chain polysaccharides, and fibrous proteins, including collagen, elastin, fibronectin, and laminin. 3, 4 In particular, the cardiac ECM surrounds and supports myocardial cells, i.e. cardiac myocytes, cardiac fibroblasts, and vascular endothelial and smooth muscle cells. The main components include structural proteins such as elastin and collagen type I, adhesive proteins such as fibronectin, laminin, and collagen type IV, as well as anti-adhesive proteins and proteoglycans. [5] [6] [7] It has been , peripheral nerve 15 , cartilage 16, 17 , bone 18, 19 and for tissue engineering applications in general [20] [21] [22] .
Several tissue engineering studies have focused on fabricating biodegradable and biocompatible scaffolds mimicking the anisotropy and microarchitecture of their native counterparts. [23] [24] [25] Materials based on blends of proteins and polysaccharides have been proposed as scaffolds as well. [26] [27] [28] However, the properties of these systems have never been compared with their natural counterparts.
This work aimed at the development and characterization of a new type of protein/polysaccharidebased scaffolds for their use as cardiac ECM substitutes. These scaffolds mimicking the ECM To analyze the chemical homogeneity of the samples, spectral images were acquired using an infrared imager in the 4000-600 cm -1 range. The spatial resolution was 100×100 µm 2 in the reflectance (µATR) mode and 6 µm in the transmission mode. Background scans were obtained from blank regions without samples. Infrared images were acquired with a liquid nitrogen-cooled mercury cadmium telluride line detector composed of 16 pixel elements. Spectra from the surface of a sample were collected by placing the ATR objective on the sample in contact mode. The Spotlight software was used for both acquisition and post-acquisition processing. The medium spectrum as defined by the instrument, which is the most representative spectrum of the chemical map, was recorded. Then, the correlation map was elaborated as the correlation between the chemical map and the medium spectrum. A correlation index close to 1 was considered indicative of the chemical homogeneity of the sample. Using the instrument software, second derivative spectra were also acquired, to study Amide I deconvolution.
Swelling test
Swelling tests were done by exposing the scaffolds to water vapor at 37 °C. 
Mechanical characterization
Mechanical characterization of the scaffolds was carried out using a dynamic mechanical analyzer (DMA8000, Perkin-Elmer, Waltham, MA, USA). Scaffolds were cut in the form of rectangular strips (18 mm in length and 5 mm in width, thickness dependent on the material type).
The thickness of the samples was measured at five different locations by using a caliper. The average value was used to assess the cross-sectional area. Since the scaffold should work in the human body in a moist environment, tests were performed under wet conditions. Before testing the samples, they equilibrated for 3 hours in PBS at 37 °C and during the analysis they were maintained under wet conditions. The samples were further characterized in a bending configuration, the single cantilever mode. The storage modulus (E') and the loss modulus (E'') were evaluated by performing a single strain (with an amplitude of 10 µm), multi-frequency (1, 3.5, 10 Hz) test. These frequencies were chosen to reproduce healthy human heart rate (1 Hz, corresponding to 60 bpm), pathological human heart rate (3.5 Hz, corresponding to 210 bpm), and a fatigue condition with a supraphysiological pulse rate (10 Hz). The tests were carried out at 37 °C.
Cell culture
C2C12 myoblasts were purchased from the European Collection of Cell Culture (London, UK).
Sponges were sterilized using a standard protocol. 29 Briefly, dry samples, cut into 1 cm 2 squares, were washed with 70% ethanol followed by UV exposure for at least 15 min on each side. The sterilized scaffolds were placed in the individual wells of a 24-well plate and seeded with C2C12 9 cells at a density of 10 5 cells/well. The cells were also directly cultured in the wells of the plates as control. Cell proliferation test was performed using growth medium (GM) of Dulbecco's modified Eagle's medium (DMEM, Cambrex, Italy) containig high glucose, 10% fetal bovine serum (FBS), 2 mM glutamine, and penicillin (100 U/mL) and streptomycin (100 µg/mL, all from Cambrex, Italy).
Myogenic differentiation was induced by culturing the samples in DMEM supplemented with 2% horse serum. Cultures were maintained in an incubator with 5% CO 2 at 37 °C for up to 8 days. The medium was replaced every 2 days.
Proliferation and differentiation analyses
Cell numbers in the scaffolds were evaluated at 1, 3, and three times with PBS. Subsequently, they were incubated with DAPI for 2 min to counterstain the nuclei. All these procedures were carried out in the dark. Images were obtained using a fluorescent microscope.
Construction of cardiac bioreactor
The scaffolds were cut into disks with a diameter of 10 mm and a thickness of 2 mm. Neonatal rat cardiomyocytes were isolated from 2-day-old Sprague-Dawley rats following our established protocol approved by the Institute's Committee on Animal Care. 33 The cells were maintained in allowed to attach to the matrix of the scaffold for 1 h, followed by addition of 1 mL of medium to cover the scaffold. The medium was changed every day during the first 3 days of culture.
The bioreactors were designed and fabricated according to our recently developed protocol. 34 A laser cutter was used to cut off a poly(methyl methacrylate) (PMMA) positive mold with an elliptical shape and a straight tail. The mold was taped to the bottom of a 10-mm petri dish, and filled with polydimethylsiloxane (PDMS) prepolymer mixture (10:1 ratio). After curing of PDMS at 80 °C for 24 h, the elastomer was peeled off from the PMMA mold to achieve the negative chamber/channel complex. Two such PDMS structures were placed against each other to construct the bioreactor, where the inlet/outlet were punched for connection with external metal connectors and Teflon tubing. To prevent potential leakage, the PDMS device was further clamped in between a pair of PMMA slides held together by four screw/bolt sets. The scaffold was secured at the bottom of the chamber of a bioreactor by fixation using a custom-designed holder constructed from a ring of PMMA board with four metal legs. The bioreactors were filled with media and the tubing from the inlet/outlet was connected into a closed loop. A peristaltic pump was used to drive the liquid at a flow rate of 200 µL/h.
The viability of the cardiomyocytes inside the scaffolds under both static and dynamic conditions was evaluated at Days 3, 7, and 14 post seeding using the Live/Dead viability kit (ThermoFisher, USA) following the manufacturer's instructions.
Statistical Analyses
Results were reported as means ± standard deviations. The Student's t-test was used to determine p values and to assess statistical significance. Statistical significance was set at p<0.05, p<0.01, and p<0.001.
Results and discussion

Morphological analysis
One of the main requirements for tissue engineering scaffolds is high porosity coupled with interconnectivity of pores, to promote cell seeding and growth, preserve tissue volume and facilitate the circulation of nutrients and waste products. 35 To evaluate the morphological characteristics of both sponges and decellularized porcine myocardium, SEM images were acquired. Both AC and AG sponges showed a highly porous and homogeneous structure with well-interconnected pores 
FT-IR Chemical Imaging Analysis
Infrared analysis is an important tool to evaluate the chemical composition and homogeneity and to investigate interactions at the molecular level between scaffold components. Molecular interactions between proteins and polysaccharides in native tissues play important roles in the normal physiology of animals. 36 Similarly, molecular interactions within a scaffold have a significant impact on cellular response. 37 Therefore, the study of these interactions is fundamental in the selection of the best components for the production of cell substrates with improved performance. The FT-IR spectra of AG and AC scaffolds were acquired and compared with the spectrum of the native tissue. Results are reported in Absorption peaks for gelatin and collagen are obviously similar since gelatin is obtained by collagen denaturation.
The FT-IR spectrum of the AG scaffolds showed the presence of the typical absorption peaks of both polymers. Moreover, in the AG blend some of the typical absorption peaks of alginate and gelatin were found to shift towards slightly higher frequencies compared to the pure components.
This suggests the formation of hydrogen bonds between the protein and the polysaccharide, as reported in the literature. 13, 29, 39 The FT-IR spectrum of the AC scaffolds confirmed the presence of both components as well. As detailed in Table 1 , small band displacements were observed only for Amide I and II typical absorption peaks. This suggests that in AG scaffolds gelatin, thanks to its higher conformational flexibility than collagen, can interact more easily with the polysaccharide component.
To In order to investigate the balance between the polysaccharide and protein components, a band ratio map was elaborated for each sample. In particular, the ratio between the absorption peak due to the polysaccharide component and the Amide I absorption peak of the protein material was calculated (Figures 2d-f) . The obtained value for the native tissue (Figure 2d 
Swelling test
The water sorption capacity of developed scaffolds and native tissue was determined by swelling test, as a measure of sample hydrophilicity. It is well known that substrate hydrophilicity 14 influences cell adhesion. 41 Moreover, when a scaffold is capable of swelling, its pores increase in diameter, thus promoting cell migration inside the scaffold during in vitro cell culture. Therefore, tissue-engineering scaffolds should ideally mimic the hydrophilicity of the native ECM, for a proper cell colonization. The swelling kinetics are reported for the AG and AC scaffolds, as well as for the native myocardium, in Figure 3 . High values of water uptake were obtained. The equilibrium swelling value was reached after 72 hours. The natural tissue showed a higher swelling percentage (swelling plateau at around 80%) than the scaffolds. The AG sponges were more hydrophilic (swelling plateau at around 70%) than the AC ones (swelling plateau at around 50%). The latter result was expected, since gelatin is a denatured form of collagen, more hydrophilic than pristine collagen.
In vitro degradation
Alginate, collagen, and gelatin used in scaffold preparation are all biodegradable materials.
However, both polymer blending and crosslinking treatments may have an impact on the degradation behavior. Therefore, degradation tests of the scaffolds were performed in vitro. Samples were maintained in PBS for 75 days for the hydrophilic degradation test and in a collagenase solution for 10 days for the enzymatic degradation test.
The hydrolytic degradation test (Figure 4a ) showed that the ionic and chemical crosslinking provides the sponges with a suitable stability in an aqueous environment. After 75 days of hydrolysis, the percentage of remaining weight was 88% for AC scaffolds and 45% for AG scaffolds. These results are in agreement with the swelling test: the more hydrophilic sample (AG) underwent a more rapid hydrolytic degradation, with a lower value of percentage remaining weight at the end of the test.
The enzymatic degradation test showed that both scaffold types underwent a higher and more rapid weight loss compared to hydrolytic degradation when collagenase was added to PBS ( Figure   4b ). Comparing the results obtained in the two different tests, after the same time interval (10 days), the percentage of remaining weight during enzymatic degradation was 59% for AC scaffolds and 19% for AG scaffolds, while in the case of hydrolytic degradation it was 95% for AC scaffolds and 69% for AG scaffolds. The faster degradation of AG scaffolds could be attributed to the smaller molecular weights of gelatin molecules than collagen, consistent with the observed swelling behavior (Figure 3 ). These results demonstrate that the chemical crosslinking, performed to provide a suitable stability to the scaffolds, did not prevent the degradation of the protein component in an aqueous environment.
Mechanical characterization
Adequate mechanical behaviour of the scaffold is one of the main challenges in CTE.
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Mechanical tests were carried out on our scaffolds and on the native tissue, to determine their storage modulus (E') and loss modulus (E''). The results are shown in Figure 5 .
For all the analyzed samples, increasing the oscillation frequency resulted in increases of both E' and E'' values. Moreover, for both the myocardium and the prepared scaffolds, the values of loss modulus were significantly lower than those of the storage modulus, indicating a predominant elastic behavior. These results were in agreement with the recent report discussing the viscoelastic properties of the myocardial tissue. 43 Comparing the viscoelastic properties of the developed scaffolds with those of the decellularized myocardium, lower storage and loss modulus were observed for the native tissue. In addition, values of E' and E'' were higher for the AG sponges than those for the AC ones. This result may be explained by the interactions between the protein and polysaccharide components in the AG sponges, as revealed by our FT-IR characterization. A CTE scaffold stiffer than the native myocardium may offer several advantages, including a reduction of infarct expansion, attenuation of left ventricle remodeling, and amelioration of global left ventricle function. 44, 45 Therefore, our mechanical characterization results suggested that both scaffolds developed in this work, and performed in order to select the most bioactive type of scaffolds for subsequent dynamic analysis in microfluidic bioreactors. In vitro proliferation and differentiation tests were performed using C2C12
myoblasts, as a model of a possible cell source for myocardial regeneration. The C2C12 is a subclone from myoblast line established from normal adult C3H mouse leg muscle. Skeletal myoblasts have been recently explored as an alternative cell source to cardiomyocytes for cardiac repair. 47, 48 Skeletal myoblasts can offer advantages with respect to other cell sources: i) autologous myoblasts can be easily obtained from patient muscle biopsies, thus requiring no immunosuppression; ii) as such, the donor availability issue is minimal; iii) the risk for malignant transformation is absent; and iv) skeletal muscle is much more resistant to ischemia than cardiac muscle. 47, 48 The efficacy of skeletal myoblasts for myocardial repair was demonstrated by clinically relevant studies in both small and large animal models [49] [50] [51] [52] , as well as by human clinical trials [53] [54] [55] , thus justifying their choice in the present study.
Results of C2C12 proliferation and differentiation assessments are shown in Figure 6 . With regard to the cell proliferation assay (Figure 6a) , it was observed that, 7 days after seeding the level of cell proliferation on AG sponges was comparable to the positive control and significantly higher (p<0.001) than that observed on AC scaffolds.
Cell differentiation was also analyzed. As reported in literature, during C2C12 myoblast differentiation, the formation of multinucleated elongated myotubes is observed, reaching up to more than 20 nuclei per cell and a length of 100-600 µm 56 . In this work, cell differentiation was evaluated by measuring two parameters, actin filament length and number of nuclei per cell.
29,38
Starting from day 5 after seeding, both parameters were significantly higher on the AG sponges than on the AC sponges and on positive control (Figure 6b-c) .
Overall, the results of the morphological, physicochemical, functional, and cellular assessments carried out on the AC and AG sponges suggested a superior behavior of the AG scaffolds. A possible explanation for such observation is the stronger molecular interactions established between gelatin molecules and the polysaccharide component. While collagen is a structural protein, gelatin has much smaller average molecular weight and is thus more flexible to interact with alginate.
These improved inter-molecular interactions may subsequently influence the structural conformation of molecules in the AG samples. Indeed, as shown by the FT-IR analysis of the protein secondary structures, a conformational change of gelatin from random coil to an ordered structure occurred in the AG scaffolds. In particular, the conformation acquired by gelatin when blended with alginate is similar to that of non-fibrillar collagens. 57 As reported in literature, nonfibrillar collagens play a key role during tissue development. 58, 59 Therefore, the reorganization of gelatin to a non-fibrillar collagen-like structure could explain the superior behavior of AG sponges than AC ones, as scaffolds for cell growth. AG sponges were therefore selected for all further investigation.
Cardiac bioreactor evaluation
To evaluate the cellular responses to the AG scaffolds under dynamic conditions, we further designed a microfluidic bioreactor for perfusion culture of cardiomyocytes seeded onto the scaffolds. Even though, as explained in the previous section, numerous studies have reported improvements in cardiac function using skeletal myoblasts, cardiomyocytes remain the ideal cell source for cardiac regeneration, thanks to their electrophysiological and contractile properties. 46 Therefore, cell culture tests within the microfluidic bioreactor on the selected AG sponges were performed using neonatal rat cardiomyocytes.
As shown in Figure 7a , a cardiac bioreactor was designed according to our recently published protocol. 34 The bioreactor was composed of two pieces of PDMS elastomer containing opposing cavities, which when placed together will form a hollow chamber in the center with an inlet from the bottom left while outlet from the top right. The resealable design was adopted for convenient immobilization of the scaffold in the chamber. In addition, the fact that the inlet is at the lower layer of the fluidics and outlet at the higher layer resulted in easy effluence of gas bubbles generated inside the circulation, potentially minimizing the interference with optical imaging of the scaffold through the transparent window underneath. 34 Two PMMA boards were then cut and used to clamp The produced scaffolds were also analyzed with in vitro cell cultures. The AG scaffolds supported better adhesion, growth, and differentiation of C2C12 myoblasts under static conditions and therefore they were subsequently used for culturing neonatal rat cardiomyocytes. High viability of the resulting cardiac constructs, under dynamic flow culture in a microfluidic bioreactor, was observed.
Our hypothesis to explain the better similarity with the native tissue and the overall superior behavior of the AG scaffolds with respect to the AC ones, is based on the stronger molecular interactions occurring between gelatin and alginate. In particular, as demonstrated by the infrared analysis, these interactions could have resulted in gelatin acquiring a conformation similar to that of non-fibrillar collagens, which are known to play a key role during tissue development.
Overall, the results obtained in this work have suggested that that our AG scaffolds can potentially function as a promising cardiac ECM substitute for tissue-engineering applications.
Future work will concern the development of biomimetic scaffolds including a third polymeric component (elastin) and the reinforcement of the scaffolds by fiber structures to improve their suturability to facilitate further in vivo examinations. 
